ABSTRACT. We examined the efficiency of direct sequencing of pooled DNA for developing common single nucleotide polymorphisms (SNPs) and its accuracy for estimating allele frequencies. A pool of 200 control DNAs was established and was used for developing SNPs and estimating minor allele frequencies (MAF). The sensitivity of the pooled DNA method for successfully detecting an SNP with an MAF >0.01 listed in the database was approximately 0.7; it was particularly efficient for detecting SNPs with MAF >0.1, which is compatible with the common disease/common variant hypothesis. The mean difference between the estimated and the observed MAFs was 0.03 ± 0.023. The pooled DNA method identified four additional SNPs, for which the allele frequency Pooled DNA in SNP identification and allele frequencies information was not available in the database. The pooled DNA method is a cost-and time-effective tool for both qualifying and quantifying SNPs with considerable accuracy, and it can be particularly useful for dissecting the common disease/common variant hypothesis; this represents a bestcase scenario for large-scale association mapping.
INTRODUCTION
Associating genetic variations with heritable phenotypes is of key interest in genetics research. Single nucleotide polymorphisms (SNPs) are the most abundant source of genetic variation in the human genome and are expected to facilitate large-scale genetic association studies for detecting alleles that confer small increments in susceptibility to complex phenotypes (Roses, 2000) . The common disease/common variant (CD/CV) hypothesis predicts that the genetic risk for common diseases will often be due to disease-predisposing alleles with relatively high frequencies (Chakravarti, 1999) . Although there is currently not enough empirical evidence to either prove or disprove the CD/CV hypothesis, some genetic association studies have shown results that lend support to the CD/CV hypothesis (Corder et al., 1993; Bertina et al., 1994; Altshuler et al., 2000; Reich and Lander, 2001) . Therefore, information about allelic architecture that refers to the number and frequency of the alleles at a given disease locus is an important prerequisite for association studies to dissect genetic contributions to common complex genetic diseases.
The dbSNP database recently released "NCBI dbSNP Build 130" that contains about 18 million reference SNPs in the human genome, including about 800,000 SNPs in which allele frequency information is known for various ethnic populations, such as Caucasians, Africans, and Asians, including Chinese and Japanese (http://www.ncbi.nlm.nih.gov/SNP/snp_summary. cgi). The Korean Haplotype Map (HapMap) Project also developed a Korean SNP database to provide Korean researchers with useful data-mining information for genetic association studies on common disease (Kim et al., 2008) ; however, since the Korean database is incomplete, many investigators in Korea depend on allele frequency data for Chinese or Japanese populations in selecting candidate SNPs for a large-scale association study. The Chinese or Japanese data have been presumed to be similar to the Korean data, but it is not clear if the data can be used exclusively in genetic association studies for Koreans without any problem. Indeed, a previous study has revealed that there is a considerable difference in allele frequency of SNPs at a locus among different ethnic groups (Kim et al., 2006) , which suggests the need for SNP data that are specific to an ethnic group for whom genetic studies will be performed.
Although a variety of techniques are currently available to qualify and quantify SNPs in the human genome (Suh and Vijg, 2005) , direct DNA sequencing is the most reliable method, especially in qualifying SNPs. However, direct DNA sequencing is incompatible with cost-effective, large-scale genetic studies. It is known that pooling an equal amount of DNA from individual samples and measuring the relative abundance of alleles in the pool is an efficient strategy for estimating allele frequencies in many samples because it drastically reduces the cost of the analysis and the amount of DNA consumed (Germer et al., 2000; Bang-Ce et al., 2004; Fakhrai-Rad et al., 2004) . Accordingly, the combination of direct DNA sequencing with pooled DNA methods would be a method compatible with a cost-effective, large-scale genetic study.
In this study, we aimed to elucidate both the efficiency of direct sequencing of pooled DNA in developing common SNPs and the accuracy in estimating allele frequencies in a Korean population.
MATERIAL AND METHODS

Subjects
Two hundred healthy Korean volunteers from Gwangju, Korea, who were unrelated and between 22 and 34 years of age, were enrolled in the present study. The study was approved by the Institutional Review Board of Chonnam National University Hospital, and informed consent was obtained from all participants.
DNA pooling
Genomic DNA was extracted from peripheral blood lymphocytes using a standard protocol. To screen common SNPs with a relatively high minor allele frequency (MAF) in the candidate genes in a timely and cost-effective manner, a pool of DNA was established from the healthy control group using the protocol recommended by the manufacturer (PicoGreen dsDNA Quantitation Reagent; Molecular Probes, USA). In brief, double-stranded DNAs were stained with an ultrasensitive fluorescent dye (PicoGreen dsDNA Quantitation Reagent), and the total amount of fluorescent-stained DNA in each individual was measured using a fluorometer (Picofluor™ Handheld Fluorometer). The quantification was performed in duplicates for each sample. An equal amount of DNA from 200 subjects was then mixed into a pool.
SNP development and estimation of the relative allele frequencies
Eighteen candidate genes with a potential influence on the anti-epileptic drug response were tested in the present study (Table 1) . In order to develop SNPs in the coding region (cSNP) of each gene, all coding regions, including the exon-intron boundary sequence of the candidate genes, were amplified using the pooled DNA from a control group by polymerase chain reaction (PCR). Approximately 350 forward and reverse primer sets (data available on request) were designed to generate PCR products ranging from 290 to 420 bp in length based on GenBank sequences. PCR assays were carried out using 1.25 U AmpliTaq Polymerase Gold (Applied Biosystems, USA), 100 ng pooled DNA, 2.0-2.5 mM MgCl 2 , and 10 pM primer in a volume of 20 mL. The amplification conditions were as follows: an initial denaturation at 95°C for 5 min, followed by 35 amplification cycles (denaturation at 95°C for 30 s, annealing at various temperatures ranging from 57° to 63°C according to the primer sets for 30 s, and extension at 72°C for 1 min), and a final extension at 72°C for 7 min. The PCR products were electrophoresed on a 1.2% agarose gel, and the amplified genomic DNA fragments were extracted from the gel and purified using a QIAquick ® gel extraction kit (Quiagen, Germany) according to manufacturer instructions. Direct sequencing of both strands was performed using BigDye terminator kits (PE Biosystems, USA), and each electropherogram was visually analyzed using Chromas 2.13 (Technelysium Pty Ltd., Queensland, Australia).
The relative allele frequencies for some SNPs determined in this study were estimated using the comparative method proposed by Kwok et al. (1994) and described elsewhere as follows (Jang et al., 2009) : allele frequency in pooled DNA = {[reference peak height (individual) / reference peak height (pool)] / [heterozygote peak height (individual) / heterozygote peak height (pool)]} x 0.5 (Figure 1) . In order to identify individual heterozygotes for the determined SNPs, 10 random DNA samples consisting of the pooled DNA were genotyped using the same PCR conditions as those used for the pooled DNA. 
Efficiency in developing SNPs with pooled DNA
For each candidate gene, the number of SNPs developed in the present study was compared with that released in the dbSNP database. Only validated reference SNPs (RefSNPs) in which the MAF had been determined to be >0.01 for Chinese (HapMap-HCB) or Japanese (HapMap-JPT) populations in the International HapMap Project (http://www.hapmap.org/) were used as gold standards when calculating the sensitivity of the pooled DNA method in detecting the exact SNPs as they were in the database. The sensitivity was calculated as the percentage of RefSNPs in the dbSNP database correctly identified by the pooled DNA method.
Accuracy in estimating allele frequency with the pooled DNA method
For 14 randomly selected RefSNPs in which the allele frequency was estimated with the comparative method described above, direct sequencing of 200 individual DNAs in the pooled DNA was performed to determine the observed allele frequency. The difference between an estimated MAF and an observed MAF (Δ EO ) was measured for each RefSNP.
RESULTS
For 14 of 18 candidate genes selected in the present study, a total of 27 RefcSNPs in the HapMap-HCB and HapMap-JPT database were compatible with the condition of this study, cSNP with an MAF >0.01 (Table 1) . Of the 27 RefcSNPs with an MAF >0.01 listed in the databases, 19 were reproduced by the pooled DNA method using visual analysis; the sensitivity of the pooled DNA method in successfully detecting a RefSNP with an MAF >0.01 listed in the database was approximately 0.7. Of the other 4 genes (CHRNB2, VGLUT1, VGLUT2, and VGLUT3) selected in the present study, 3 genes (except VGLUT3) had no compatible RefcSNP in the databases, as it was in the present study (Table 1 Ch. # = chromosome number.
Of the 8 RefcSNPs that were not detected by the pooled DNA method, 5 had an average MAF <0.05, while 3 others had an average MAF >0.05 (range: 0.08-0.17), according to the HapMap-HCB and HapMap-JPT data (Table 1) . For the 3 RefcSNPs that could not be detected by the pooled DNA method, even though they had a relatively higher MAF for Chinese and Japanese populations, individual genotyping was performed for 120 Korean chromosomes to determine the actual MAF for Koreans; the observed MAFs were 0.08, 0.1, and 0.09 for rs2273697, rs7580482, and rs9820367, respectively. The lowest MAF of a RefcSNP that could be detected by the pooled DNA method was 0.09 for rs2298771.
The pooled DNA method identified 4 additional RefcSNPs (rs1801475, rs1044397, rs55742440, and rs11110359), in which the allele frequency information was not released in the HapMap-HCB and HapMap-JPT database. The observed MAFs of the 4 RefcSNPs in 200 individual Korean DNAs were 0.35, 0.40, 0.26, and 0.15.
An estimation of MAFs in the pooled DNA was performed using the comparative method for 14 RefcSNPs that were randomly selected from the 27 RefcSNPs tested in the present study. The estimated MAF of each RefcSNP was compared with the observed MAF in 200 individual Korean DNAs that made up the DNA pool. The mean difference between the estimated and the observed MAFs was 0.03 ± 0.023, with a range of 0-0.08 ( 
DISCUSSION
Despite recent remarkable advances in the field of genetic technology, by which a number of genetic diseases (mainly Mendelian diseases) have been dissected (Stenson et al., 2003) , little is known about the determinants of common complex genetic diseases, such as epilepsy. It seems that no single factor is either necessary or sufficient for a complex disease, which is the challenge of complex disease mapping because disease susceptibility due to a disease gene can be too small to be detected.
Genetic association analysis has long been considered an effective tool for dissecting complex diseases because of its greater statistical power to detect genes with a modest effect (Long and Langley, 1999) . In the analysis, the frequency of alleles at polymorphic loci or, for the reason of both cost and statistical power, of haplotype tagging SNPs (htSNPs) of candidate genes is compared between an affected and a control population with a considerable sample size for identifying genes involved in complex phenotypes (Risch and Merikangas, 1996; Goldstein et al., 2003) . In this context, the prerequisites for success in unraveling the genetic components of complex disease phenotypes should include both the detailed informa-tion about allelic architectures or haplotype structures of human disease genes and a cost-and time-effective genotyping method.
A high-quality reference sequence of the human genome is now available online with the completion of the human genome project (International Human Genome Sequencing Consortium; Anonymous, 2004) , and the ongoing International Haplotype Map (HapMap) project is now providing comprehensive information about haplotype pattern and htSNPs of the human genome for several populations (The International HapMap Consortium; Anonymous, 2003; Belmont and Gibbs, 2004) . However, there is ample evidence that ethnic, geographic, and other characteristics of the study population greatly influence the frequencies of the different haplotype blocks (Judson et al., 2002; Salisbury et al., 2003; Schneider et al., 2003) , which suggests that htSNPs identified in one population may not necessarily perform well in another and that exclusive use of SNP databases for associating genotype with phenotype would not be successful (Suh and Vijg, 2005) . The Korean HapMap Project initially worked in 2003 to establish a Korean haplotype map and yield a considerable amount of Korean-specific data until now, but it covers only a small fraction of the whole human genome where the researchers' interests are concentrated (http://www.khapmap.org/). Such an imperfection in the public databases prompts the researcher to seek a cost-effective SNP discovery tool for a large-scale population-based genetic association study.
The direct sequencing of pooled DNA used in the present study was shown to be a cost-and time-effective tool in both qualifying and quantifying SNPs that had been listed in SNP databases. Comparing with the HapMap-HCB and the HapMap-JPT data, the sensitivity of the pooled DNA method in detecting RefSNP with an MAF >0.01 was about 0.7, and it was perfect in detecting RefSNP with an MAF >0.1, which is compatible with the CD/ CV hypothesis. In addition, for the randomly selected 14 RefSNPs, the comparative method using pooled DNA was highly reliable in accurately estimating the MAF of the SNPs; the mean MAF difference between the estimated and the observed frequencies was only 0.03. In contrast to other prescreening methods for SNP identification, such as single-strand conformation polymorphism and denaturing high-performance liquid chromatography (Suh and Vijg, 2005) , the direct sequencing of pooled DNA has advantages in its popular technique, as well as in identifying the exact position and characters of each novel SNP and estimating its allele frequency at a time without subsequent additional procedures.
In conclusion, the direct sequencing of pooled DNA is a cost-and time-effective tool in both qualifying and quantifying SNPs with considerable accuracy and can be particularly useful in dissecting the CD/CV hypothesis that represents the best-case scenario for largescale association mapping.
